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a b s t r a c t
A new airborne remote sensing approach to estimate an upper limit of the direct sea-air methane emis-
sion ﬂux was applied over the 22/4b blowout site located at N57.92°, E1.63° in the North Sea. Passive
remote sensing data using sunglint/sunglitter geometry were collected during instrumental tests with
the Methane Airborne MAPper – MAMAP – instrument installed aboard the Alfred Wegener Institute
(AWI) Polar-5 aircraft on 3. June 2011. MAMAP is a passive short wave infrared (SWIR) remote sens-
ing spectrometer for airborne measurements and retrieval of the atmospheric column-averaged dry air
mole fractions of methane (XCH4) and carbon dioxide (XCO2). In addition to MAMAP a fast CH4 in-situ
analyzer (Los-Gatos Research Inc. RMT-200), two 5-hole turbulence probes and the Polar-5 basic sensor
suite comprising different temperature, pressure, humidity and camera sensors were installed aboard the
aircraft. The collected MAMAP remote sensing data acquired in the vicinity of the 22/4b blowout site
showed no detectable increase in the derived XCH4 (with respect to the atmospheric background). Based
on the absence of a detectable XCH4 column increase, an approximate top-down upper-limit for the di-
rect atmospheric 22/4b blowout CH4 emissions from the main bubble plume of less than 10 ktCH4/yr
has been derived. The constraint has been determined by comparing XCH4 information derived by the
remote sensing measurements with results obtained from a Gaussian plume forward model simulation
taking into account the actual ﬂight track, the instrument sensitivity and measurement geometry, as well
as the prevailing atmospheric conditions.
© 2015 Elsevier Ltd. All rights reserved.
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a1. Introduction
In 1990, Mobil North Sea Ltd. (MNSL) encountered shallow
gas at 360 m below seabed, while drilling the exploration well
UK22/4b-4, located ∼200 km east of the Scottish mainland at
N57.92°, E1.63°. The well blew out, creating a massive bubble
plume that rapidly decreased after several days. After monitoring
of the site by ship and remotely operated vehicle (ROV) surveys
from 1990 to 1998, the UK Department of Trade and Industry (DTI)
determined that there was no evidence of environmental harm
and risk to health and safety in 2000 and thus decided that fur-
ther monitoring was not required (see also Leifer and Judd, this is-
sue). Nevertheless, a ship survey in 2005 showed strong emissions∗ Corresponding author.
E-mail address: gerilows@iup.physik.uni-bremen.de (K. Gerilowski).
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0264-8172/© 2015 Elsevier Ltd. All rights reserved.ontinuing with a visible bubble plume diameter of approximately
0 m at the sea surface (Schneider von Deimling et al., 2007) .
n 2010, the UK Department of Environment and Climate Change
DECC) initiated a study to assess the current status of the 22/4b
ite and to better understand the nature and fate of the gas dis-
harge (Leifer and Judd, this issue).
Up to now there are only a few methods available, which enable
he emissions, i.e. surface ﬂuxes to the atmosphere, from local-
zed marine sources (point sources) to be estimated or constrained.
hese methods typically incorporate ship-based or airborne in-situ
easurements in combination with inverse atmospheric modeling.
uch an approach was applied for instance to assess the direct
tmospheric emissions during the Elgin blowout accident in the
orth-Sea in 2012 (Mobbs et al., 2012). A drawback of such air-
orne methods is that they often require low level ﬂight operation
.g. below 500 ft (∼150 m) over ground (depending on boundary
ayer thickness). Regulations such as the minimum safe altitude, or
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oxclusion zones as established around the Elgin rig in 2012 (Mobbs
t al., 2012) could restrict the range of the required ﬂight plans and
atterns.
Passive remote sensing technologies offer the potential to over-
ome these drawbacks, as they sample the atmospheric concentra-
ions around the source remotely from above the boundary layer.
owever, remote sensing instruments using short wave infrared
SWIR) radiation suffer from the weak reﬂectivity of water in that
pectral region, when measuring in nadir or off nadir directions. To
vercome this drawback the use of sunglint has been proposed by
arsen and Stamnes (2006) for methane anomaly detection from
pace by means of passive remote sensing in the SWIR spectral
ange. Such approaches have demonstrated the successful detec-
ion of methane anomalies over natural marine seepage by us-
ng airborne hyper spectral imaging (HSI) instruments operating
he SWIR (Roberts et al., 2010; Bradley et al., 2011; Thorpe et al.,
014, and references therein). Recently, successful tests of air-
orne methane anomaly detection over marine sources have also
een demonstrated from retrieved data collected by airborne hy-
er spectral imaging instruments in the thermal infrared spectral
ange (Tratt et al., 2014).
Another approach for the retrieval of accurate greenhouse gas
GHG) information is the use of medium and high spectral res-
lution absorption spectroscopy (i.e. the line shape is such that
he FWHM is better than approximately 1 nm) in the SWIR.
n contrast to the low spectral resolution spectroscopy, remote
ensing with medium and high spectral resolution has the abil-
ty to achieve higher accuracy and precision as a result of the
uch lower sensitivity to potentially spectrally interfering sur-
ace spectral reﬂection features and the lower sensitivity to other
aseous absorbers in the same spectral range. Medium and high
pectral resolution spectroscopy has been widely used for accu-
ate retrieval of greenhouse gases in nadir geometry from air-
raft (Krings et al., 2011; Gerilowski et al., 2011), and from
pace (e.g. Schneising et al., 2014, and references therein). Re-
ently, the use of sun glint has been demonstrated for the re-
rieval of CH4 with high accuracy and precision from space
Butz et al., 2013).
To demonstrate the ability of accurate sun glint retrieval with
edium resolution spectroscopy from aircraft, a team from IUP,
FZ, and AWI equipped the AWI Polar-5 BT-57 aircraft (a Basler
odiﬁed DC-3T) with a medium spectral resolution spectrom-
ter, to perform a test measurement over the 22/4b blowout
ite within the framework of a joint campaign called AIRMETH.
he AIRMETH payload for that ﬂight consisted primarily of the
ethane Airborne MAPper - MAMAP, a passive near infrared (NIR)
nd SWIR remote sensing instrument (Gerilowski et al., 2011) to
etermine column-averaged dry air mole fractions of the green-
ouse gases methane, CH4 (denoted as XCH4) and carbon dioxide,
O2 (denoted as XCO2) (Krings et al., 2011, 2013), a fast CH4 in-
itu analyzer (Los-Gatos Research Inc. RMT-200), two turbulence
robes (an AIMMS-20 and the custom developed AWI- nose-boom
urbulence probe, Cremer, 2008), the Polar-5 basic sensor suite
omprising different temperature, pressure, humidity and camera
ensors, as well as a data acquisition and assimilation system
Optimare MEDUSA-P).
On 3. June 2011 several ﬂights over the 22/4b blowout site
ere performed and remote sensing and in-situ data were col-
ected. Based on the MAMAP remote sensing data, acquired using
unglint/sunglitter geometry, an approximate top-down constraint
or the direct atmospheric 22/4b blowout CH4 emissions from the
ain bubble plume area has been derived. The constraint has been
etermined by the comparison of XCH4 predicted differences cal-
ulated by an Observation System Simulation Experiment (OSSE)
ncorporating different Gaussian plume forward model simulations,
nd taking into account the instrument noise and sensitivity, thectual ﬂight track and the prevailing atmospheric conditions. Re-
ults from the OSSE have been compared to the XCH4 retrieved
rom the MAMAP measured spectra, and an upper limit of the di-
ect 22/4b blowout surface ﬂux caused by ebullition could be de-
ived. OSSE simulations for measurements with the same instru-
ent conﬁguration performed one day later (4. June, 2011), but in
adir geometry, over a terrestrial point source with known emis-
ion strength, are presented for comparison and justiﬁcation of the
sed approach.
This manuscript is organized as follows: Section 2 describes the
sed instrumentation and brieﬂy explains the remote sensing re-
rieval algorithm as well as the methodology applied for emis-
ion simulation. Section 3 presents the successfully accomplished
easurements and summarizes the results. Section 4 describes the
imulations used to determine the upper limit or constraint for the
irect surface ﬂux form the 22/4b blowout site. Section 5 summa-
izes the results and presents the conclusions.
. Instrumentation and methodology
.1. Instrumentation
.1.1. Remote sensing instrumentation for atmospheric greenhouse gas
easurements
The remote sensing instrument for GHG measurements in-
talled on the Polar-5 aircraft in addition to its basic sensor suite, is
AMAP, a passive nadir looking spectrometer system for retrieval
f methane (CH4) and carbon dioxide (CO2) vertical columns and
olumn-averaged mole fractions, XCH4 and XCO2 (Gerilowski et al.,
011). This instrument was developed by the Institute of Environ-
ental Physics (IUP), University of Bremen, Germany in coopera-
ion with the Helmholtz Centre, Potsdam German Research Cen-
re for Geosciences (GFZ). MAMAP measures back-scattered and
urface-reﬂected solar radiation (see Fig. 1) in the Short Wave In-
rared (SWIR) and Near-Infrared (NIR) spectral range at moder-
te spectral resolution. The NIR channel at around 0.76 μm mea-
ures the atmospheric O2-A-band absorption with a resolution of
0.46 nm full width at half maximum (FWHM). The SWIR chan-
el yields measurements of absorption bands of CH4 and CO2 in
he spectral range from ∼1.59 to 1.69 μm at a spectral resolu-
ion of ∼0.86 nm FWHM. Information from these bands is used for
he retrieval of the column-averaged dry air mole fractions of CH4
nd CO2 (denoted as XCH4 and XCO2, see also Gerilowski et al.,
011; Krings et al., 2011). These data can be used for top-down es-
imates of atmospheric surface ﬂuxes of local sources via inverse
odeling (Krings et al., 2011, 2013). In addition to the MAMAP in-
trument, also a push-broom imaging DOAS spectrometer instru-
ent for remote sensing measurements of nitrogen dioxide (NO2)
as installed on the aircraft, as described in Schönhardt et al.
2014).
As a result of the weak reﬂectivity of water in the relevant
WIR spectral range, signal to noise ratios (SNR) over water are
mall and typically not suﬃcient for accurate retrieval of XCH4 or
CO2. To improve the SNR over water, the MAMAP instrument was
odiﬁed for sunglint/sunglitter operation in 2011 by introducing a
ber coupled gimbal telescope mounted on a ZEISS SM-2000 gyro-
tabilized platform. This gimbal can be manually pre-adjusted on
emand to a ﬁxed position for nadir or sunglint operation. After
he pre-adjustment, the position is stabilized and tracked automat-
cally by a SM2000 gyro-stabilized platform. Inclination and head-
ng of the optical head was recorded by a Microstrain 3DM-GX1
nd a 3DM-GX3 attitude heading reference system (AHRS). The de-
cribed modiﬁcation has been used to collect data in sunglint ge-
metry over the 22/4b blowout site.
826 K. Gerilowski et al. /Marine and Petroleum Geology 68 (2015) 824–835
Fig. 1. Nadir (left) and Glint/Glitter (right) measurement geometries of the passive MAMAP CO2 and CH4 remote sensing instrument. The total columns (XCO2 and XCH4)
were retrieved via solar absorption spectroscopy from measurements of surface reﬂected and/or scattered solar spectra using a modiﬁed WFM-DOAS retrieval algorithm
(Krings et al., 2011). Light passes twice through the atmosphere below the aircraft.
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f2.1.2. Fast in-situ CH4 analyzer
The second scientiﬁc instrument installed on the aircraft in ad-
dition for the AIRMETH campaign was a continuous wave Inte-
grated Cavity Output Spectroscopy (cw-ICOS, O’Keefe, 1999) Los-
Gatos Research Inc. RMT-200 fast CH4 in-situ analyzer operated
by the Alfred Wegener Institute (AWI) for Polar and Marine Re-
search. The analyzer was equipped with an external pump to de-
liver fast in-situ CH4 measurements with a temporal resolution of
10 Hz. The raw measurements of the RMT were corrected for spec-
troscopic effects of water vapor by a method described in Peltola
et al. (2013) using humidity measurements of a VAISALA HMT333
sensor. The HMT333 humidity measurements were also used for
the conversion from wet mole to dry air mole fraction. In addition,
a ﬂask sampler permitted acquisition of single gas samples for fur-
ther laboratory analysis and calibration of the system.
2.1.3. Turbulence probes and Polar-5 basic instrumentation
In addition to the remote sensing and in-situ sensors for de-
tection of CH4, the AWI-Polar 5 aircraft was equipped for the
AIRMETH campaign with 2 different turbulence probes as well as
the Polar-5 basic sensor suite to deliver horizontal and vertical
wind as well as pressure, humidity, and temperature information.
The nose-boom is equipped with a 5-hole probe and Rosemount
pressure transducers. Temperature is measured by a Pt100 in Rose-
mount housings. For humidity a capacity type sensor (HMT333)
was also mounted in a Rosemount housing at the nose boom.
Additionally a CR2 dew point mirror provided accurate absolute
humidity information. The aircraft motion is recorded by a Hon-
eywell Lasernav and several GPS systems. Data acquisition and
assimilation was performed by the Optimare MEDUSA-P system.
These data can be used for analysis of the atmospheric condi-
tions, i.e. atmospheric stratiﬁcation, wind speed and direction as
well as boundary layer height and atmospheric stability. The sec-
ond probe, which was mounted on the wing and belongs to the
basic sensor suite, is a commercial Aventech Inc. AIMMS-20 tur-
bulence probe with a horizontal wind precision of 0.5 m/s and a
vertical wind precision of 0.75 m/s (see http://www.aventech.com/
products/aimms20.php). This probe can operate at data acquisition
rates of up to 40 Hz. Data from this probe is used for comparison
to surface wind information obtained from the nearest weather
stations, which is needed for the Gaussian plume forward model
simulations. Data from the ﬁrst AWI nose-boom turbulence probe
was not utilized for the wind estimates due to problems with one
of the pressure transducers during the 22/4b overﬂights.
2.2. Data retrieval and ﬂux modeling
2.2.1. WFM-DOAS data retrieval algorithm
To retrieve the column averaged dry air mole fractions (XCH4)
from the measured spectra the Weighting Function Modiﬁed Dif-erential Optical Absorption Spectroscopy (WFM-DOAS) algorithm
as been used. A detailed description and application examples are
iven in Krings et al. (2011, 2013) and are therefore only shortly
ummarized here. The retrieval ﬁts a linearized radiative transfer
odel (RTM) to the acquired data. As radiative transfer model SCI-
TRAN (Rozanov et al., 2013) has been used. SCIATRAN also pro-
ides the radiance derivatives or weighting functions for all rele-
ant ﬁt parameters, most notably for CH4 and CO2 but also for wa-
er vapor absorption. Low frequency radiance variations, e.g. due to
urface spectral reﬂection/albedo variations, are taken into account
y an additional low-order polynomial.
.2.2. Gaussian plume forward model simulation and OSSE
To estimate the CH4 emission rates (and/or to determine an up-
er limit) from the XCH4 observations at the 22/4b target, verti-
ally integrated high spatially resolved (i.e. 10 m × 10m) Gaussian
lume forward model simulations for different ﬂux rates and at-
ospheric conditions have been conducted (see Krings et al., 2011,
nd references therein):
(x, y) = F√
2πσy(x)u
e
− 12
(
y
σy (x)
)2
ere V(x,y) denotes the simulated vertical column of CH4 (XCH4)
istribution depending on horizontal location over ground, σ y de-
otes the horizontal dispersion coeﬃcient, u denotes the mean
ind speed used for the simulation and F the emission rate.
he parameter x describes the lateral axis (in meter) in wind
irection and y the lateral axis (in meter) in across wind di-
rection. The stability parameter σ y (in meter) can be calculated
y σ y = a · (x/1000)c with the empirical unit less constants c
c = 0.894) and the unit less stability type a with values between
= 213 and a = 34 according to the stability classes “A” to “F”
Martin, 1976).
The stability class (over water) can be typically estimated di-
ectly from aircraft proﬁle wind and temperature measurements,
s well as from ground based measurements and the knowledge of
he sea surface temperature according to Hasse and Weber (1985).
hereafter, the simulated data were re-gridded quadratically to
0 m × 50 m to reﬂect the approximate MAMAP spatial resolu-
tion of ∼50 m × 33 m for that ﬂight (along × across-track, depen-
ent on aircraft altitude, exposure time and ﬂight speed) and tak-
ng the real ﬂight track and approximate sample position into ac-
ount. To better compare to the real measurements, typical instru-
ent measurement noise (see also Gerilowski et al., 2011; Krings
t al., 2013) was added to the model data. Model data obtained
rom such an approach (see Fig. 2), which is also known as an
K. Gerilowski et al. /Marine and Petroleum Geology 68 (2015) 824–835 827
Fig. 2. Gaussian plume forward model OSSE simulation for a point source with the source diameter of 7 m, a wind speed of 5 m/s, neutral atmospheric conditions (stability
class D) and a source strength of 10 ktCH4/yr (317 gCH4/s). Upper left: high resolution Gaussian plume forward model simulation showing the expected total column increase
(XCH4). Upper right: same as upper left but gridded to MAMAP ground pixel size. Lower left: same as upper right but considering a typical MAMAP measurement noise over
land of ∼0.4% XCH4 (1σ ). Lower right: same as lower left, but taking a real ﬂight track and real sampling positions into account.
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ompared to data obtained from real measurements enabling an
pper limit or constraint for the observed atmospheric emissions
o be estimated.
. Measurements and results
.1. Measurements
A series of overﬂights were performed on 3. June 2011 be-
ween ∼9:10 UTC and ∼12:10 UTC over the 22/4b blowout site
ith the AIRMETH instrumentation suite. Remote sensing mea-
urements were performed upwind and downwind of the source
t a constant aircraft altitude of ∼650 m, while operating the
AMAP instrument in sunglint/sunglitter mode. This was achieved
y pointing the sensor with the SM-2000 in the solar direction
ith a ﬁxed zenith viewing angle (inclination) of ∼35°. Horizon-
al and vertical proﬁle in-situ measurements during the overﬂights
ere performed downwind of the source at a range of distances
rom 22/4b (see Fig. 3) and altitudes to as low as the minimum ad-
itted altitude of ∼150–200 m, restricted in the area by air safetyegulations. Previous CH4 ﬂux estimates of the site to the water
olumn were approximately 11 × 106 L CH4/h at atmospheric pres-
ure (corresponding to ∼ 69 ktCH4/yr) of which one third (i.e. 23
tCH4/yr) were emitted (in total) to the atmosphere (Deutscher
undestag, 2010). However, these estimates have large uncertain-
ies, which are expected to be more than one order of magnitude.
Diffusive atmospheric CH4 emissions of the site were estimated
n 1994 to be between ∼7 and 12 ktCH4/yr (Rehder et al., 1998)
nd are expected to have been declining over the past 17 years.
hus, remote sensing ﬂight patterns were optimized (pre-ﬂight)
ith OSSE simulations assuming a relatively large direct source
ith emission rates in the order of 10 ktCH4/yr and expected wind
peeds of 3–5 m/s according to the wind forecast for the area.
rom descent and ascent ﬂight patterns at the beginning and the
nd of the remote sensing measurements, atmospheric proﬁle in-
ormation was derived from the AIMMS-20 and the Polar-5 nose-
oom measured data. The bubble-plume surface size diameter was
stimated to be ∼25 m from pictures taken by the additionally in-
talled on-board camera (Fig. 4) and is in good agreement with an
pproximately 20 m diameter, as estimated from ship-based visual
bservations reported for the same time period (Linke, 2011).
828 K. Gerilowski et al. /Marine and Petroleum Geology 68 (2015) 824–835
Fig. 3. Remote sensing and in-situ overﬂight patterns over the 22/4b blowout site performed with the AWI Polar-5 aircraft during the AIRMETH campaign on 3. June, 2011
between ∼9:10 UTC and ∼12:10 UTC. Left: ﬂight tracks with temporal color coding. Right: ﬂight tracks with altitude color coding. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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t3.2. Results from the AIMMS-20 turbulence probe and other in-situ
measurements and comparison to ground based observations
To derive wind speed and direction, the atmospheric stability
class, and the boundary layer height, required for the OSSE sim-
ulations, descent and ascent in-situ proﬁle measurements were
performed with the Polar-5 aircraft close to the emission area.
These measurements were compared with measurements from the
nearest ground based stations. Airborne wind information was de-
rived from AIMMS-20 turbulence probe data. The according (rel-
ative) humidity and temperature information was derived from
the HTM333 Rosemount Pt100 sensors. Additionally, ground based
wind and air temperature information was provided by ExxonMo-
bil for the nearest ground stations, i.e. buoy No. 62116 (N 57.691°,E
1.399°, ∼30 km in SSW direction) and the Sleipner oil-platform (N
58.37°, E 1.902°, ∼50 km in NNE direction) with the 22/4b site lo-
cated in between of both. From the combined data set, wind speed
and direction as well as atmospheric stability class information has
been derived and used as input for the OSSE-simulation.Fig. 4. Left: Raw estimate of the 22/4b blowout diameter from picture sequences (righ
Schönhardt, University of Bremen). The estimated surface plume diameter of ∼25 m is in
same period of time (Linke, 2011).Fig. 5 shows descent and ascent air temperature, potential tem-
erature and relative humidity proﬁles measured on 3rd June, 2011
etween 11:55 UTC – 12:10 UTC at the 22/4b site. The boundary
ayer height has been estimated from the vertical air temperature
roﬁle as well as from the relative humidity proﬁle (due to the
harp increase in humidity) to be around (or below) ∼ 150–180 m
bove sea level.
Also shown in Fig. 5 are the surface air temperature and sea
urface temperature. Surface air temperatures were measured 30-
above sea level at the same time at the Sleipner oil plat-
orm ∼50 km north-northeast of the 22/4b site. Sea surface tem-
erature of ∼14.1 °C was measured in the Sleipner ﬁeld by the
LKOR research vessel on the 3rd June 2011 (Linke et al., 2011; Pe-
er Linke, personal communication). From the (maximum) bound-
ry layer height of ∼150–∼180 m it could be concluded, that
he chosen ﬂight altitude of ∼650 m for the remote sensing
easurements was suﬃciently high, that the aircraft did not ﬂy
hrough any boundary layer atmospheric plumes originating from
he measurement area. This is also supported by the fact, that not) taken by the on-board camera of the imaging DOAS instrument (courtesy Anja
agreement with ship based visual diameter estimate of ∼20 m as reported for the
K. Gerilowski et al. /Marine and Petroleum Geology 68 (2015) 824–835 829
Fig. 5. Descent and ascent air temperature (left) and potential temperature (center) proﬁles derived from the Polar-5 temperature sensors on 3. June, 2011 between ∼11:55–
12:10 UTC over the 22/4b study area. The according measured and derived relative humidity is shown on the right. Boundary layer height can be estimated from the air
temperature and the sharp increase of the relative humidity to be between approximately 150 m – ∼180 m above sea level. Also shown (center) are the boundary layer air
temperatures measured at the Sleipner platform and sea surface temperature (SST) as measured by the RV-ALKOR at the Sleipner ﬁeld and the 22/4b blowout area. From
the airborne and sea surface data (center), a potential temperature gradient of approximately + 0.8 °C/100 m (blue cross) could be estimated by linear interpolation. (For
interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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digniﬁcant CH4 increase was observed above and at the top of the
oundary layer by the RMT-200 CH4 in-situ gas analyzer aboard
he Polar-5 in the measurement area.
Fig. 6 (left) shows descent and ascent wind velocity proﬁles
blue and green lines) derived from AIMMS-20 data measured be-
ween ∼9:10 and ∼12:10 UTC over the 22/4b site. Descent and
scent measurements between ∼700 m and ∼150 m were per-
ormed before and after the remote sensing measurements in the
ime periods between 9:10–9:40 UTC and 11:55–12:10 UTC. The
riangles and dots show the wind velocity as provided from the
wo nearest surface stations. The reported surface wind speeds are
n good agreement with the airborne data collected at the top of
he boundary layer (and above) in the vicinity of the 22/4b site.
range of wind speeds during the remote sensing measurementsig. 6. Left: descent and ascent temporal color coded wind velocity proﬁles derived ov
0 measured data. Additionally wind velocity as provided from two surface stations (Sle
irborne and surface-based data. Right: temporal color coded descent and ascent wind
riangles: wind direction as provided from the two closest surface stations (Sleipner plat
ata. (For interpretation of the references to colour in this ﬁgure legend, the reader is refownwind of the blowout crater (i.e. between ∼10:00–11:55 UTC,
ee Fig. 3) was therefore estimated from that combined dataset.
t has been estimated that the wind speed was in the range be-
ween ∼4.5 and 5.5 m/s over the entire boundary layer (see Fig. 6
eft). From Fig. 6 (right) wind directions for the corresponding time
eriod could be obtained from the color code. Wind direction was
stimated to be in the range between 200° and 250° in the bound-
ry layer for the time of the downwind overﬂights. From the sur-
ace wind speed of ∼4.5–5.5 m/sec and the potential temperature
radient of less than T + 2 °C between the sea surface and the
ir (measured in ∼150 m altitude, see Fig. 5), the atmospheric sta-
ility class to be used for subsequent simulations can be estimated
o be “D” (i.e. “Neutral”) according to Hasse and Weber (1985).er the 22/4b site on 3. June 2011 between ∼9:10 and ∼12:10 UTC from AIMMS-
ipner platform: dots; buoy No. 62116: triangle) showing good agreement between
direction proﬁles as retrieved from AIMMS-20 data for the same time. Dots and
form: dots; buoy No. 62116: triangles), both in good agreement with the airborne
erred to the web version of this article.)
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Fig. 7. MAMAP CH4 and CO2 vertical column WFM-DOAS spectral example ﬁts for measurements in nadir (left) and glint (right) geometry as measured over a terrestrial
source on 4. June 2011 (nadir) and over the North Sea on 3. June 2011 (glint; with the same instrument conﬁguration). No substantial difference in the ﬁt quality (i.e., the
ﬁt residua) for both measurement geometries can be observed.
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a3.3. Results from remote sensing measurements
MAMAP remote sensing data were collected between 9:40 and
11:55 UTC in the vicinity of the 22/4b site. Vertical proﬁle scal-
ing factors for CH4 and CO2 were retrieved from that data byFig. 8. CH4 (left) and CO2 (right) averaging kernels calculated for MAMAP for the terrest
angle (SZA) and ﬂight altitude of both ﬂights into account. The averaging kernels represen
changes down to the Earth’s surface. The sensitivity jump below the aircraft altitude is inhe WFM-DOAS retrieval algorithm (Krings et al., 2011, 2013) us-
ng a single SCIATRAN radiative transfer model simulation for a
xed glint/glitter viewing geometry with 35° nadir inclination, a
olar zenith angle of 40°, 1738 ppb XCH4 background concentration
nd a marine background aerosol proﬁle. Sunglint/glitter surfacerial (nadir) and marine (glint) case taking the measurement geometry, solar zenith
t the altitude sensitivity of both measurement geometries for relative concentration
duced by the fact that sunlight passes the atmosphere below the aircraft twice.
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Fig. 9. Normalized XCH4(CO2) map as retrieved from MAMAP sunglint/sunglitter
remote sensing measurements collected over the 22/4b site on 3. June 2011 be-
tween 9:40–11:55 UTC. Measurements are line-of-sight (viewing angle) corrected
and quality ﬁltered. The black cross denotes the location of the blowout crater po-
sition, the black arrows denote the prevailing wind directions during the measure-
ments.
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spectral reﬂectance was calculated by SCIATRAN (incorporating the
ox and Munk Sunglint/Sunglitter model with Gaussian distribu-
ion, Cox and Munk, 1954) taking the prevailing atmospheric pa-
ameters during the overﬂight as well as the viewing geometry
nto account. The resulting mean value of the spectral radiance
f 1013 [photons·s−1·cm−2·nm−1·sr−1] calculated by the RTM for
he SWIR spectral channel of MAMAP were ∼5% lower than the
ean radiance calculated for the glint measurements of the en-
ire 22/4b overﬂights. Considering the estimated uncertainty of the
alibrated, measured radiance of about 15%, this represents an ex-
ellent agreement.
The retrieved vertical proﬁle scaling factors show a less than
% difference with respect to the proﬁle scaling factors derived
rom the atmospheric a-priori proﬁles used for the SCIATRAN sim-
lation conﬁrming the very good agreement between simulation
nd the measured spectra. Fig. 7, right shows MAMAP CH4 verti-
al column WFM-DOAS example ﬁts and the derived column scal-
ng factors for the spectra measured in glint/glitter viewing ge-
metry. Nadir spectra measured one day later with the same in-
trument conﬁguration (and aircraft) over a terrestrial source are
hown for comparison on the left. No substantial difference in
he ﬁt quality (i.e. ﬁt-residua) of both measurement geometries
s observed, emphasizing the validity of the applied glint retrieval
pproach.
Fig. 8 shows for comparison the averaging kernels calculated by
FM-DOAS for CH4 (left) and CO2 (right) for the terrestrial nadir
nd marine glint case taking the measurement geometry and ﬂight
ltitude of both ﬂights into account. The averaging kernels are a
easure for the altitude sensitivity and in this case demonstrate
he sensitivity of both measurement geometries for relative con-entration changes within the boundary layer down to the Earth’s
urface (for more information on MAMAP averaging kernels see
rings et al., 2011).
Column-averaged CH4 dry air mole fractions (denoted as
CH4(CO2)) were calculated from the retrieved vertical proﬁle scal-
ng factors using CO2 as proxy, assuming that CO2 is well mixed
n the atmosphere within the measurement area (Krings et al.,
011, 2013). This assumption can be applied in the absence of large
O2 emitting sources in the direct vicinity of the 22/4b crater.
o justify this assumption, we performed the following estimate.
e conservatively assume a 100 ktCO2/yr source co-emitting with
he CH4 at the same surface position. Due to the (with respect to
ass) 500 times higher sensitivity of MAMAP for CH4 in compar-
son to CO2 (see also Gerilowski et al., 2011; Krings et al., 2011)
nd for an assumed 10 ktCH4/yr 22/4b emission, the remaining
stimated error signal caused by the simultaneously emitted CO2
ill be less than 2% of the retrieved XCH4(CO2) total column in-
rease. Thus an actual enhancement of +1% XCH4(CO2) of the re-
rieved column relative to background could have a bias of −0.02%
ith respect to the well-mixed CO2 assumption (i.e. a retrieved
esult of +0.98% XCH4 instead of +1.00%). Hence any biases
rom co-emitted CO2 not being well-mixed can be neglected for
his case.
Taking into account that co-emitted CO2 from oxidation pro-
esses of dissolved CH4 in the vicinity of the bubble plume is ex-
ected to be much smaller than assumed for this calculation, the
O2 proxy approach for calculation of the column averaged dry air
ole fractions is therefore valid and has been used in the subse-
uent calculations.
Fig. 9 shows background (regional mean) normalized
CH4(CO2) column variations as retrieved from MAMAP mea-
urements collected in sunglint/sunglitter geometry over the 22/4b
lowout site between 9:40–11:55 UTC. Measurement positions
re line-of-sight (viewing angle) corrected and quality ﬁltered.
uality ﬁltering was performed for inclination variations, detector
lling and ﬁt quality (for more information on quality ﬁltering
ee Krings et al., 2011, 2013). The XCH4(CO2) column precision
standard variation) for the ﬁltered data was estimated to be
0.25% (1σ ), i.e., equal to a total column CH4 precision (below the
ircraft) of ∼37 ppm∗m (referred to a 1013 hPa normalized total
tmospheric thickness of about 8580 m and a XCH4 background
oncentration of 1738 ppb). The black cross denotes the location
f the blowout crater. The measurements show no signiﬁcant total
olumn increase in contrast to a total column increase, which
ould be expected for a 10 ktCH4/yr source as used for the
re-ﬂight simulations.
. Upper-limit estimate of direct atmospheric 22/4b methane
missions obtained by comparison of remote sensing results
ith OSSE simulations
To constrain the direct 22/4b emissions caused by ebulli-
ion/bubbling, a number of Gaussian plume OSSE simulations (see
ection 2.2.2) for different source strengths and wind directions
ave been performed taking the MAMAP ﬂight track into account.
he results were then compared to results obtained from 22/4b
AMAP measured data.
The OSSE forward model simulations were performed for an
verage wind speed of 5.5 m/s (i.e ∼upper range of observed
ower boundary layer wind speeds, see Fig. 6 – left), the prevailing
ind directions (between ∼200° and 245°, estimated from Fig. 6
right) and the atmospheric stability class “D” (neutral) as es-
imated in Section 3.2. The simulated source emission was var-
ed from zero to 10 ktCH4/yr in steps of 2.5 ktCH4/yr. For com-
arison, a simulation of a larger 15 ktCH4/yr source as well as
imulations for the more stable atmospheric stability class “E” for
832 K. Gerilowski et al. /Marine and Petroleum Geology 68 (2015) 824–835
Fig. 10. MAMAP results from glint/glitter measurements performed on 3. June 2011 over the 22/4b blowout site (upper left) in comparison to OSSE simulations in absence of
a source (upper central) and OSSE simulations for a source with a strength of 10 ktCH4/yr (upper right) simulated for the prevailing atmospheric conditions (i.e. wind speed
5.5 m/sec, wind direction 215° and a stability class “D”). For comparison, similar MAMAP nadir measurements performed with MAMAP on 4. June 2011 over a terrestrial
point-source with reported emissions of 12.3 ktCH4/yr are shown. OSSE simulation for this area where performed for a wind-speed of 5.7 m/sec coming from 60° and using
stability class “C” (for more information see also Krings et al., 2013).
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udifferent wind directions were also performed and are shown in
the Supplementary material. The ground pixel size used for the
simulation was set to 50 m × 50m according to the similar proxi-
mate ground scene size of MAMAP. A noise of 0.25% (1σ ) as es-
timated for the MAMAP XCH4(CO2) column precision from the
ﬁltered data was added to the simulated (synthetic) data. Sim-
ulations were performed only for measurement positions, where
data were acquired with the instrument on the Polar-5 ﬂight
track.
Fig. 10 shows gridded MAMAP results from the real glint/glitter
measurements performed over the 22/4b blowout site (upper left)
in comparison to OSSE simulations in the absence of any source
(upper central) and OSSE simulations for a source with a source
strength of 10 ktCH4/yr (upper right) simulated for the prevailing
atmospheric conditions (i.e. wind speed of 5.5 m/sec, wind direc-
tion of 215°, stability class “D”). The measurements show no sig-
niﬁcant total column increase in comparison to a total column in-
crease as would be expected for a point source with direct at-
mospheric emissions of ∼10 ktCH4/yr for this ﬂight pattern and
weather conditions.
For comparison, similar MAMAP nadir measurements per-
formed one day later over a terrestrial point-source with re-
ported emissions of 12.3 ktCH4/yr are also shown. These measure-
ments were performed with MAMAP in nadir geometry over theockraden shaft of the Ibbenbüren coal mine located in northern
ermany at a remote sensing measurement altitude of 1100 m.
SSE simulations for this area where performed for a wind-speed
f 5.7 m/sec, wind direction of 60° and stability class “C” (for
ore information and a complete analysis of the Ibbenbüren data
et see also Krings et al., 2013). In that case, measurement re-
ults agree well with the OSSE simulations for a source of same
agnitude.
Based on these simulations and comparison to real mea-
ured data, it is concluded, that direct 22/4b blowout emissions
aused by bubbling/ebullition were very probably well below 10
tCH4/yr. To emphasize this conclusion, additional OSSE simula-
ions with different source magnitudes and wind directions were
erformed.
Fig. 11 shows OSSE simulations for the 22/4b blowout site with
he same atmospheric parameters as shown in Fig. 10 (upper right)
ut for source strengths ranging from 2.5 to 10 ktCH4/yr. To better
llustrate the extent of the plume, additional contour lines were
dded to the plot. Figure S.1.2 to S.1.5 (Supplementary material)
how additional simulations for different wind directions ranging
rom 200° to 245° (in 15° steps) covering the range of observed
oundary layer wind directions in the area (see Section 3.2). Fur-
hermore, a stronger source of 15 ktCH4/yr (Fig. S.1.1) was also sim-
lated for comparison.
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Fig. 11. MAMAP-OSSE Gaussian plume forward model simulations for a source with a diameter of ∼20 m for the prevailing measurement conditions at the 22/4b overﬂights
(i.e. wind speed of 5.5 m/sec and stability class “D”) and wind direction 215°. Simulations were performed for source strengths of 10 ktCH4/yr (upper left), 7.5 ktCH4/yr
(upper right), 5 ktCH4/yr (lower left) and 2.5 ktCH4/yr (lower right).
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aThese simulations supported the conclusion that the direct
2/4b blowout emissions by ebullition during the overﬂight most
robably were below 10 ktCH4/yr, likely were below 7.5 ktCH4/yr
nd potentially were even below 5 ktCH4/yr. Emissions of a 2.5
tCH4/yr source as simulated with the OSSE for the ﬂown ﬂight
rack were most probably not detectable for the given wind speed,
nd stability and would require a much denser ﬂight pattern near
he source to be visible in the measured data. These ﬁndings are
n line with ship based observations, where even smaller emission
ates were estimated based on atmospheric in-situ measurements
n combination with Gaussian plume modeling (Leifer et al., this
ssue) or by surface video observations combined with chemical
nalysis of the bubble CH4 content at the sea surface (Schneider
on Deimling et al., this issue).. Summary and conclusions
On 3rd June 2011 remote sensing and in-situ overﬂights were
ade over the North Sea 22/4b blowout site with the AWI-Polar-5
ircraft, which was equipped with the MAMAP remote sensing in-
trument, an RMT-200 fast methane in-situ analyzer as well as the
olar-5 basic instrumentation suite including 2 turbulence probes
nd different temperature, humidity and pressure sensors. The
AMAP remote sensing data showed no detectable increase in the
erived XCH4 (with respect to the atmospheric background) ex-
eeding the instruments measurement precision. MAMAP OSSE for-
ard model simulations were performed for the prevailing atmo-
pheric conditions (derived from the atmospheric measurements)
ssuming a local source with different source strengths. These
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Rsimulations represent the expected remote sensing results as
would be measured with the instrument for the according emis-
sions. The OSSE simulation for a source strength of 10 ktCH4/yr re-
vealed, that this emission magnitude should have been detectable
in the collected MAMAP data. This conclusion is further supported
by terrestrial MAMAP measurements in nadir geometry over a
source (with known and reported emissions of similar magnitude)
and comparisons to the according OSSE simulation (see Fig. 10).
Consequently, it can be concluded, that the direct 22/4b blowout
emissions caused by bubble plumes are very probably well be-
low 10 ktCH4/yr for the time of the overﬂights. Comparisons of
OSSE simulations for four source strengths (i.e. 2.5, 5, 7.5, and 10
ktCH4/yr), different wind directions as well as two atmospheric
stability classes (see Fig. 11 and Supplementary material) with
MAMAP data further supported the conclusions, that the direct
22/4b blowout emissions by ebullition during the overﬂight likely
were below 7.5 ktCH4/yr and potentially even below 5 ktCH4/yr.
OSSE simulations for a 2.5 ktCH4/yr source and prevailing atmo-
spheric conditions indicate, that the XCH4 total column increases
produced by that source most probably would not have been de-
tectable by the instrument with the actually ﬂown ﬂight pattern
and distance to the source and therefore would not be recognized
in the measured data.
In conclusion, the upper limit of the direct atmospheric CH4
ﬂux from the main bubble plume is estimated to be below 10
ktCH4/yr. The results reported here are determined from compar-
isons of OSSE simulations with MAMAP measurements, obtained
from a single ﬂight, where ﬂight patterns were optimized for large
source magnitudes in the order of 10 ktCH4/yr. Additional ﬂights
optimized for smaller source strengths with denser ﬂight lines
closer to the source are required to improve from an upper limit
to estimates of the smaller direct surface ﬂuxes of CH4 form this
blowout.
The new technologies and approaches described in this paper
can be used for estimating emissions from other offshore and
onshore accidental large scale natural gas releases. For instance,
the emission rates estimated for March to May during the El-
gin accident (Mobbs et al., 2012) range from ∼1 kgCH4/s (∼31
ktCH4/yr) to ∼0.5 kgCH4/s (∼15.5 ktCH4/yr) and were therefore
well in the application range of the methods described in this
paper. Unlike classical in-situ methods used up to date, passive
remote sensing methodologies do not require low level ﬂight op-
eration and hence can be applied without safety concerns directly
above exclusion zones typically established for safety reasons
during such accidents. The only drawback of these methods with
respect to classical in-situ methods is the requirement for clear
sky conditions, and solar zenith angles of below of approximately
80° during the measurements.
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